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We have measured the melting pressure and pressure in the liquid at constant density of ultra-pure
4He (0.3 ppb of 3He impurities) with the accuracy of about 0.5µbar in the temperature range from
10 to 320mK. Our measurements show that the anomaly on the melting curve below 80mK which
we have recently observed [1] is entirely due to an anomaly in the elastic modulus of Be-Cu from
which our pressure gauge is made of. We thus conclude that the melting pressure of 4He follows the
T 4 law due to phonons in the whole temperature range from 10 to 320mK without any sign of a
supersolid transition.
Recent experimental results obtained by Kim and
Chan [2, 3] have revived great interest to the problem
of supersolidity which was first discussed almost 40 years
ago [4, 5, 6]. The supersolid state of matter is character-
ized by the coexistence of crystalline order and superflu-
idity. In helium crystals, according to Andreev and Lif-
shitz [4] and Chester [5], quantum delocalization of point
defects (most probably – vacancies) might decrease their
activation energy to zero. Bose condensation of such de-
fects can lead then to superfluidity in a crystal, that is,
supersolidity. During 1970s and 1980s many experimen-
tal groups tried to detect this possible supersolid state by
various methods, but unsuccessfully (see [7] for a review).
One possible manifestation of supersolidity would be
so called nonclassical rotational inertia (NCRI) – a re-
duction in the rotational inertia of a solid at low temper-
atures [6], which can be detected by the torsional oscil-
lator measurements on a helium crystal, similarly to the
famous Andronikashvili experiment [8]. In 1981, Bishop,
Paalanen and Reppy [9] have carried out such measure-
ments at temperatures down to 25mK with carefully an-
nealed helium samples. With ∼ 5×10−6 sensitivity to the
superfluid fraction ρs/ρ they found no evidence of NCRI.
However, recently Kim and Chan (KC) have observed the
effect of NCRI below 0.2K at different pressures, from
melting pressure up to 140 bar, with ρs/ρ ∼ 0.01 in the
low temperature limit. They interpreted the onset of
NCRI at 0.2K as an indication of the transition of solid
helium to the supersolid phase [10].
To date, several experimental groups have confirmed
the KC observations [11, 12, 13]. Rittner and Reppy [11]
have also found that ρs/ρ is not a universal characteris-
tic of solid helium but can be reduced below a detectable
level through annealing of the sample. Quite recently,
they even have been able to produce highly disordered
helium samples, where ρs/ρ reached much higher magni-
tudes, up to 0.2 [14]. However, other groups [10, 12, 13]
have not confirmed the annealing effect.
In the absence of a consistent explanation of all avail-
able data on the annealing effect, the interpretation of
torsional oscillator measurements in terms of a super-
flow in a 4He crystal remains controversial. Note in
this connection that the observations of KC could be
explained, at least in principle, by classical mechanism
of dislocation-induced plasticity of solid helium. With
appropriate temperature dependence of the dislocation
mobility both a reduction in the rotational inertia and a
temperature peak in the damping of oscillations can be
obtained, as in the Granato-Lu¨cke theory [15]. Similar
interpretations have been suggested in [16, 17].
At the moment, no other evidence for superflow in bulk
solid helium has been found. Recent searches for a pres-
sure driven superflow have given null results [18, 19]. On
the other hand, Sasaki et al. [20] have detected a super-
flow presumably at grain boundaries in polycrystalline
solid helium in contact with the superfluid phase. They
observed this phenomenon even at temperatures as high
as 1.1K, which is too high compared to the supposed su-
persolid transition temperature of 0.2K (and is not very
far from the superfluid transition temperature in the bulk
liquid). Thus it is not clear yet whether this interesting
observation is relevant to the KC experiments.
If the observed onset of NCRI really is a manifesta-
tion of a phase transition in the bulk solid, the equilib-
rium thermodynamic properties of the solid should also
display an anomaly. The magnitude of this anomaly in
the case of Bose condensation of vacancies can be esti-
mated as δS ∼ Rρs/ρ, where δS is the excess entropy
due to vacancies just above the transition temperature
Tc and R is the gas constant. Below Tc the excess en-
tropy should drop to zero. With ρs/ρ ∼ 10
−3
÷ 10−2 it
gives very large δS, which certainly has been ruled out
by heat capacity measurements [7]. However, this naive
estimate is valid only in the case of weakly interacting
Bose gas. As an alternative, Anderson et al. [21] have
suggested a model of the supersolid ground state with a
number of strongly correlated vacancies and interstitials.
In this model, there are no soft modes (in contrast to the
Andreev-Lifshitz scenario), and δS may be very small
even with relatively large superfluid fraction. Another
model of a ground state with a low density of strongly
correlated vacancies/interstitials was suggested by Dai et
al. [22].
Thus at present there is no theoretical consensus on
possible magnitude of the entropy change associated with
the supposed supersolid transition. As for the experimen-
2tal data, a few of earlier measurements have revealed de-
viations from conventional Debye behavior below 0.5K,
but later experiments have not reproduced any of such
anomalies [7]. The most recent studies [23] have found
a small excess heat capacity at temperatures down to
80mK, which corresponds to δS ∼ 10−7R at 300mK,
however, no indication of a phase transition near 200mK
has been found. The annealing effect has not been stud-
ied, and the nature of the observed anomaly has re-
mained unclear. Thus it seems very important to look
for any anomaly in the entropy of high-quality 4He crys-
tals around 0.2K.
Recently we have reported on our direct high-precision
measurements of the melting pressure of 4He of regular
purity (≈ 80 ppb of 3He impurities) in the range from 10
to 400mK [1]. The melting pressure showed the expected
T 4 dependence, and the coefficient was in excellent agree-
ment with available data on the sound velocity in the
liquid and the Debye temperature of the solid 4He. How-
ever, we have observed an anomaly below about 100mK,
where T 4 dependence changed to much weaker, almost
linear dependence. It was not clear at that time, what
was the origin of the low temperature anomaly: influence
of 3He impurities, effects due to change in the crystal
shape, or some other reason.
In this Letter we present a new set of high-precision
measurements on the melting curve of 4He with ultra-
pure (0.3±0.08ppb of 3He impurities) [24] helium where
we have used an interferometer [25] to monitor the crys-
tal shape. In addition, we have used a cryogenic valve
to close the cell containing only liquid 4He and measured
the temperature dependence of the sensitivity of the pres-
sure gauge. We have found out that the low temperature
anomaly which we have observed in our previous exper-
iments with 4He of regular purity [1] is also present for
high purity 4He sample, and that it is not due to the
change in the crystal shape. However, the same anomaly
was observed for the pressure which was measured in
the liquid at a constant volume. Thus our results prove
that the reason for the observed anomaly is the small
(2×10−7) decrease of the spring constant of our pressure
gauge membrane below 100mK. After applying the cor-
rection on the observed temperature dependence of the
sensitivity of the gauge, the measured variation of the
melting pressure of 4He below 320mK does not deviate
from the pure phonon T 4 law with the accuracy of about
0.5µbar. This sets the upper limit of ∼ 5× 10−8R for a
possible excess entropy in the solid 4He below 320mK.
Our capacitive pressure gauge, of a standard Straty-
Adams design [26], is made of beryllium bronze (Be-Cu)
and has the sensitivity dC/dp = 41pF/bar at the melting
pressure of 25.31bar. The capacitance of the gauge was
measured by the commercial Andeen-Hagerling 2500A
bridge yielding the accuracy of about 0.5µbar after ∼
1minute averaging. Temperature was measured by a
3He melting curve thermometer anchored to the sample
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FIG. 1: Melting pressure of ultra-pure 4He below 320mK.
The presented curve consists of 1000 raw data points.
cell. The 3He melting pressure was converted to tem-
perature according to the Provisional Low Temperature
Scale, PLTS-2000 [27].
Crystals were nucleated and grown at constant tem-
perature by slowly increasing the pressure in the cell. In
order to create crystals in the field of view, we have used a
capacitive nucleator which was operated with high volt-
age. During measurements on the melting pressure at
different temperatures, crystals were imaged with a low-
temperature Fabry-Pe´rot interferometer [25]. Crystals
were typically grown to about 1 cm in diameter, and dur-
ing cooling or warming their height and curvature did not
change remarkably, ensuring that no hydrostatic or cap-
illary corrections to the measured pressure were needed.
The results of the measurements on the melting pres-
sure with ultra-pure 4He were similar to the results ob-
tained with 4He of regular purity [1], see Figs. 1 and 2.
The sample crystals were nucleated and grown at 10mK,
at 1.1K where melting pressure is 80mbar higher than
at low temperatures, and at 1.4K where melting pressure
is 700mbar higher than at low temperatures. The sensi-
tivity of our pressure gauge is high enough to check (1)
the effect of non-hydrostatic stresses [28] produced by the
change of the melting pressure when the crystals grown at
1.4K were cooled down and (2) the effect of disorder due
to possible plastic deformation of such crystals. However,
after subtracting off the best T 4 fit to the data, no other
reproducible contribution to the melting pressure is seen
above 100mK with the accuracy of ∼ 0.5µbar. It means
that non-hydrostatic stresses in samples grown at 1.4K
had been effectively annealed during the first cooldowns
of such samples. The low temperature anomaly below
100mK is present for all ultra-pure and normal purity
samples which proves that it is not due to 3He impuri-
ties.
3FIG. 2: Upper part. Deviation of the measured pressures from
the corresponding T 4 fits: melting pressure of 4He of regular
purity (), melting pressure of ultra-pure 4He measured with
crystal grown at 1.1K (©) and with crystal grown at 1.4K
(△), pressure in the liquid at a constant volume (solid line).
Lower part. Deviation of the difference between the melting
pressure and the pressure in the liquid at a constant volume
from the best T 4 fit. Symbols refer to the same crystals as in
the upper part. All curves are offset for clarity.
Another possible reason for the anomaly could be the
corresponding temperature dependence of the pressure
gauge sensitivity. The flexible membrane of the pressure
gauge is made of beryllium bronze, widely used material
for low temperature experiments because of its high ten-
sile strengh and low losses on mechanical deformations.
However, it is known that some types of beryllium bronze
may have low temperature anomaly in the heat capacity
[29] and Young modulus [30, 31]. The anomaly we have
observed in the melting pressure of 4He below 100mK
would correspond to a very small, ∼ 2×10−7, relative de-
crease of the Young modulus of the bronze (which is still
several orders of magnitude higher compared to conven-
tional metals). The only way to detect so small change
in the pressure gauge sensitivity is to measure the tem-
perature dependence of the capacitance of the gauge at
a constant pressure, or, at a pressure which depends on
temperature in a known way.
We have measured the pressure in liquid 4He just below
the melting curve at a constant volume. Our cryogenic
valve, placed on the mixing chamber plate, was found
to keep the filling line of the cell closed with very small
(< 0.5µbar/day) leakage, thus making careful measure-
ments of the pressure in the liquid possible. The variation
of the pressure at a constant volume is due to thermal
expansion of the liquid and can be expressed as
(
∂p
L
∂T
)
V
= −
ρ
V
(
∂S
∂ρ
)
T
.
In the low temperature limit the thermodynamics of the
liquid is dominated by phonons, S ∝ T 3/c3, which gives
(∂p
L
/∂T )
V
= 3uS/V , where u = (ρ/c)(∂c/∂ρ)T is the
Gru¨neisen constant. As a result, the pressure of the liquid
at a constant volume varies as T 4.
Indeed, in the range of 100 ... 320mK the measured
pressure in the liquid obeys T 4 law, while below
100mK we again observed the same low temperature
anomaly (see Fig. 2), apparently due to the temperature-
dependent sensitivity of our pressure gauge. The mea-
sured capacitance C of the gauge can be written in the
form 1/C = 1/C0 − Ap/Y , where Y is the Young mod-
ulus of the bronze and A is a constant which depends
on the gauge design. Thus a relative change δY/Y in
the Young modulus results in the equal relative change
−δp/p in the measured pressure.
Below 100mK, where T 4 contribution to the pres-
sure due to thermal expansion of the liquid is only
about 0.5µbar, the change of the sensitivity by about
5µbar/25bar = 2 × 10−7 is obvious. However, there
might be some small variation of the sensitivity also
above 100mK which would be mixed with the real pres-
sure change. The correct way to eliminate the contribu-
tion of the pressure gauge to the measured pressure is to
subtract the data measured in the liquid from the data
measured on the melting curve and look for a non-phonon
contribution in the residual. The results of the subtrac-
tions are shown in Fig. 2 (lower part). With the accuracy
of 0.5µbar, the measured melting pressure of 4He can be
described by the T 4 dependence due to phonons and no
sign of any phase transition is seen.
To summarize, we have carried out high-precision mea-
surements on the melting pressure of ultra-pure 4He down
to 10mK with several samples grown at different pres-
sures. The shape and height of the crystals were care-
fully controlled by the interferometric imaging so that
no corrections for the Laplace pressure and hydrostatic
pressure were needed. All samples were single crystals,
without any signs of grain boundaries or other macro-
scopic defects. The growth thresholds for crystals were
less than 1µbar, which guarantees low density of disloca-
tions (less than 102 cm−2). We have calibrated the sensi-
tivity of our pressure gauge with the accuracy of 2×10−8
by measuring the variation of the pressure in the liquid
4He at a constant volume. This calibration allowed us to
eliminate the low temperature anomaly observed below
100mK [1]. As a result, we have found that the melting
pressure of 4He does not deviate from the T 4 law due to
phonons with the accuracy of 0.5µbar and there is no
sign of a supersolid transition down to 10mK.
In conclusion, we would like to stress that our mea-
surements do not rule out the possibility of a supersolid
4transition in high-quality 4He crystals. They only set the
upper limit of ∼ 5 × 10−8R for the non-phonon entropy
in such crystals at the melting pressure below 320mK.
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